Bacteria flagella contain a rotor-mounted protein complex termed the switch complex that functions in flagellar assembly, rotation, and clockwise/ counterclockwise direction control. In Escherichia coli and Salmonella the switch complex contains the proteins FliG, FliM, and FliN, and corresponds structurally with the Cring in the flagellar basal body. Certain features of subunit organization in the switch complex have been deduced previously, but details of subunit organization in the lower part of the Cring, and the molecular movements responsible for motor switching, remain unclear. In this study, we use cross-linking, binding, and mutational experiments to examine subunit organization in the bottom of the C-ring and probe movements that occur upon switching. The results show that FliN tetramers alternate with FliM C-terminal domains to form the bottom of the C-ring, in an arrangement that closely reproduces the major features observed in EM reconstructions. When motors were switched to clockwise rotation by a repellent stimulus, crosslinking yields were altered in a pattern indicating relative movement of FliN and FliM C . These results are discussed in the framework of a structurally grounded hypothesis for the switching mechanism.
Introduction
Many species of motile bacteria can direct their swimming toward favorable stimuli by regulating reversals between clockwise (CW) and counterclockwise (CCW) rotation of the flagella. In Escherichia coli or Salmonella enterica, for example, CCW rotation causes the helical flagellar filaments to join in a bundle that propels the cell smoothly, whereas CW rotation of one or more filaments disrupts the bundle and leads to a rapid somersaulting motion termed a tumble (1) . In the absence of an external stimulus, cells execute a random walk consisting of smooth runs of about a second punctuated by short (ca. 0.1-sec) tumbles that re-orient the cell. By suppressing CW rotation in response to increasing attractant or decreasing repellent stimuli, cells prolong the runs that happen to be in a favorable direction, biasing their motion toward nutrients, temperatures, or other conditions favorable for growth (2, 3) .
The direction of flagellar rotation is regulated by a structure at the bottom of the basal body, called the switch complex, constructed from the proteins FliG, FliM, and FliN. The switch complex contains several copies of each protein; in Salmonella the subunit numbers are approximately 26 FliG, 35 FliM, and 140 FliN, for a total mass of about 4,000 Kd. Morphologically, the switch complex corresponds to a drum-shaped, ca. 45-nm diameter feature at the bottom of the basal body, termed the C-ring. The C-ring has been imaged most clearly in single-particle reconstructions in Salmonella (4) . Salient features include well resolved lobes of density on the upper (membrane-proximal) edge, a relatively smooth, thin side-wall, and an array of ring-shaped densities ("donuts") at the bottom ( Figure 1 , panel A).
The switch-complex proteins are multifunctional, performing roles in flagellar assembly and rotation as well as direction switching (5, 6) . FliG is the rotor protein most closely involved in rotation and contains conserved charged residues that interact directly with MotA, an integral membrane protein that, together with MotB, forms the stator (7) . FliM is extensively involved in direction switching. Numerous FliM mutations have been shown to affect the CW/CCW motor bias, and a segment near the N-terminus of the protein binds to the CW-signaling molecule 2 phospho-CheY (CheY-P). A recent NMR study provided evidence suggesting that CheY-P, once captured by the N-terminal segment, might also interact with the central domain of FliM (8) . FliN is closely involved in flagellar assembly (9,10), and binds to FliH, a protein that functions in the export process that delivers protein subunits needed to form exterior flagellar structures such as the filament and hook (11) (12) (13) . FliN is also involved in direction switching (10, 14) , and a recent mutational analysis identified a specific region on the protein surface that is essential for CW rotation and that might provide an additional, functionally critical binding site for CheY-P (13) .
Flagellar motors obtain energy from the membrane gradient of protons (15) (16) (17) or, in some alkalophilic and marine species, sodium ions (18, 19) . The energizing ions are conducted through complexes formed from the membrane proteins MotA and MotB. The complexes have subunit composition MotA 4 MotB 2 and are believed to constitute the stator, secured to the cell wall though a peptidoglycan-binding domain in MotB (20) (21) (22) . Motors typically contain 10 or more stator complexes (23, 24) , arrayed in the membrane around the basal body (25, 26) , which can function independently to generate torque (23, 27 ). An invariant aspartate residue of MotB (Asp 32 in the E. coli protein) is critical for rotation and has been proposed to function directly in proton conduction (28) . In a current model for the rotation mechanism, proton association/dissociation at Asp32 of MotB drives cyclical conformational changes in the stator complex that apply force at the MotA/FliG interface to drive movement of the rotor (7). Thus, while the direction of rotation is determined by the FliG/FliM/FliN switch, the MotA/MotB complexes appear to be the actual drivers of movement.
Crystal structures have been solved for major portions of the FliG, FliM, and FliN proteins (29) (30) (31) . The structurally characterized part of FliG includes the C-terminal two-thirds of the protein and consists of two globular domains joined by an α-helix and a short, relatively extended linker. The conserved charged residues that interact with the stator lie together on a ridge at the top of the FliG C-terminal domain (FliG C ). At the end of the domain opposite the charged ridge, FliG C has a conserved surface hydrophobic patch (29) that was shown to interact with FliM (32) . The other domain of FliG present in the crystal structure displays another well conserved surface feature, termed the EHPQR motif for its constituent residues, that was also found to interact with FliM (32) . In the case of FliM, the structure was determined for a central domain comprising residues 46-215 of the ca. 330-residue protein (31) . This middle domain of FliM (termed FliM M ) is folded into an ellipsoidal shape with approximate dimensions 3 nm x 4 nm x 5 nm. A motif containing the residues GGXG is strongly conserved in FliM and is displayed at one end of this core domain. The GGXG motif was implicated in binding to FliG (33) and is thus predicted to point toward the top (i.e., membraneproximal part) of the C-ring. The structures of the N-and C-terminal domains of FliM are not known, except for a short segment near the Nterminus, for which the structure was obtained in complex with the signaling protein CheY (34).
The structure of FliM M shows both the aminoand carboxyl-termini at the end opposite the GGXG motif, and so the N-and C-terminal domains not present in the crystal structure should attach near the bottom, relatively distant from FliG and from the membrane. For FliN, the structure is known for the C-terminal two-thirds of the protein, lacking only an N-terminal region that is relatively poorly conserved and largely dispensable for function (35). The FliN subunits are tightly intertwined into dimers, which are further associated, in one crystal form, into donut-shaped tetramers (30) . The E. coli FliN protein was shown to form stable tetramers in solution (30) , and targeted disulfide cross-linking experiments indicated a donut-like organization for the protein in the cell (36). A conserved hydrophobic patch on FliN, centered on the dimer two-fold axis, forms a site of interaction with the flagellar export protein FliH (11, 13) . The hydrophobic patch and adjoining regions are also important for the switch to CW rotation and accordingly were suggested to interact with the signaling protein CheY-P (13) .
Recent electron microscopic reconstructions of the C-ring have resolved features as small as individual protein domains and can thus provide strong constraints on the organization of components (4, 37) . Using the overall shape observed in the EM images in combination with crystal structures, cross-linking, protein-binding, and mutational analyses, we previously developed a model for the organization of most components in the switch complex, illustrated in Figure 1 (panel B) . In this model, FliG is at the top of the C-ring where it can interact with the stator, FliM is just below FliG and forms the relatively smooth side-wall of the ring, and FliN is at the bottom where the EM images show rings of density of a shape and size that match the donut-shaped FliN tetramers observed in the crystal structure (30) . The model can account satisfactorily for the overall shape and dimensions of the C-ring, as well as for results from diverse mutational and biochemical studies (36,38-41). Certain aspects of subunit organization in the C-ring remain unclear, however. Although FliN is known to bind to the C-terminal domain of FliM (FliM C ), the location of FliM C and the details of the FliM C -FliN relationship are unknown. A clearer picture of subunit organization in this region will be essential for the development of molecular models of switching, particularly given the likelihood that FliN interacts with the signaling molecule CheY-P.
Here, we report biochemical and mutational studies that address the major questions of subunit organization in the lower part of the switch complex. The results indicate that the FliM C domains are inserted between adjoining FliN tetramers in the C-ring. The bottom part of the ring thus consists of an alternating array of FliM and FliN molecules, accounting for the cooperative action of these proteins in forming the ring (42). A structural model based on the results accurately reproduces the major features of the lower part of the C-ring observed in EM reconstructions. Repellentinduced changes in cross-link yield reveal subunit movements that occur upon switching. The switch between counter-clockwise and clockwise rotation is accompanied by a displacement of FliM C along one of its interfaces with FliN. An explicit, structurally grounded model for switching is proposed that accords with present knowledge of switch-complex organization and function.
Experimental procedures
Strains, plasmids, and media-The E. coli strains and plasmids used are listed in Table 1 .
Procedures for transformation and plasmid isolation were described previously (43). TB broth contained 10 g tryptone and 5 g NaCl per liter, and LB contained these plus 5 g yeast extract. Ampicillin and chloramphenicol were used in liquid media at 125µg/ml and 50 µg/ml, respectively, and in soft-agar plates at 50 µg/ml and 12.5 µg/ml, respectively. IPTG was prepared as a 0.1 M stock in water and used at the concentrations indicated. Leucine was prepared as a 100mM stock in water. DNA sequencing and oligo synthesis were carried out by core facilities at the University of Utah.
Site-directed mutagenesis and assays of swarming-
Mutagenesis used either the QuickChange method (Qiagen) or the Altered Sites procedure (Promega). Mutations were confirmed by sequencing, then mutant fliN and fliM genes were transferred into plasmids pHT39 or pDFB94 respectively, to allow IPTG-regulated expression from the tac promoter. For assays of function, strains with deletions in the relevant genes (see Table 1 ) were transformed with wildtype or mutant plasmids and motility in soft agar, swimming in liquid, and flagellation were measured, as described (43). Soft-agar plates contained tryptone broth, 0.27% agar, appropriate antibiotic(s), and IPTG at concentrations of 0, 10 and 100 µM, to give FliM or FliN expression levels ranging from slightly below to significantly above wild-type (35). Co-pelleting assay for protein binding-GSTpulldown experiments were carried out essentially as described (33, 44) , with minor modifications. The experiments used a ΔflhDC strain that expresses no chromosomal flagellar genes, and a "two cell" protocol in which GSTFliM and FliN (w.t. or mutant) were expressed in separate cells. Control experiments used GST only in place of the GST-FliM fusion, expressed from plasmid pHT100 (44). Cells were cultured overnight at 32°C in 40 ml LB with appropriate antibiotics and 400 µM IPTG. Cells expressing GST-FliM were mixed with cells expressing FliN or its mutant variants, then the mixed cells were pelleted and resuspended in 1 ml of phosphatebuffered saline (140mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ) to which 100 µl of lysozyme solution (5mg/ml in 50% glycerol) and 10 µl APMSF (4-amidinophenylmethanesulfonyl fluoride; 10mM stock) had been added. After 1 h on ice, cells were disrupted by sonication, unbroken cells were pelleted (16,000 x g, 30 min, 4°C), and 50 µl of the supernatant was saved for use in estimating the amount of FliM present before addition of affinity beads. The rest (~1 ml) was transferred to a fresh tube, mixed with 150 µl of a 50% slurry of glutathione-Sepharose 4B (Pharmacia) prepared according to the manufacturer's directions, and incubated for 3 hours at room temperature with gentle rotation to allow binding. The beads were pelleted (14,000 x g, 1 min), washed with 1 ml of phosphatebuffered saline three times, and re-pelleted. Supernatant was removed and GST-FliM and associated proteins were released from the beads by addition of 50 µl elution buffer (50 mM reduced glutathione in 50 mM Tris-HCl pH 8) for 10 min at room temperature with gentle rotation. Beads were pelleted and the supernatant was collected for analysis by SDS-PAGE and immunoblotting using anti-FliN antibody, as described (36,44). Cross-linking-Initial cross-linking experiments used the catalyst Cu[1,10-phenanthroline] 3 and were performed as described (36,45), with minor modifications. Plasmids expressing the Cyssubstituted FliM and FliN proteins were cotransformed into the fliMN deletion strain DFB232. The flhDC strain was used as negative control to verify that the FliM-FliN cross-linking depended upon the assembly of flagella. Cells were cultured at 37°C for 4-5 hours in LB containing appropriate antibiotics, then diluted 100-fold into TB containing appropriate antibiotics and grown overnight with 50 µM IPTG at 37°C. Using OD 600 readings to estimate culture density, equal numbers of cells from each culture were transferred to a centrifuge tube, pelleted (3,000 x g; 10 min), and resuspended in 200 µl lysis buffer (50 mM Tris pH 8, 0.5 M sucrose, 10 mM EDTA, 0.2 mg/ml lysozyme). After 1 h on ice, cells were rapidly diluted by addition of 1.8 ml ice-cold water, then divided into two 1-ml fractions. Cross-linking reagent (110 µl in 50% ethanol) was added to one sample while non-crosslinked controls received just the 50% ethanol. The cross-linking reagent contained 4 mM CuSO 4 and 16 mM 1,10-phenanthroline and was freshly prepared from a 1 M stock of 1,10-phenanthroline in 95% ethanol and a 400 mM stock of CuSO 4 in water Samples were rotated gently for 5 min at room temperature, sonicated for 30 sec (Branson model 450 sonifier, 50% duty cycle, power level 3), and left at room temperature for an additional 5 mins. Reactions were quenched by addition of N-ethylmaleimide (22 µl from 1 M stock in 95% ethanol) and EDTA (126 µl from 0.5 M stock). A total of 100µl of each sample was mixed with 100µl of non-reducing gel-loading buffer, boiled, and used for electrophoresis.
For cross-linking experiments using iodine, cells were cultured and collected as described above, then treated directly (without cell lysis) with 0.2 mM I 2 added from a 2 mM stock in 95% ethanol, with non-crosslinked controls receiving just the ethanol. Nethylmaleimide was added after 5 min, then cells were mixed with non-reducing gel loading buffer, boiled, and used for electrophoresis. In cross-linking experiments examining repellent effects, leucine (30mM final concentration) or glycerol (10% final concentration) were added to resuspended cells, and following 2 mins incubation at room temperature, cross-linking was induced iodine, as just described.
SDS-PAGE and immunoblotting-
Protein samples were separated on 8.5% or 12% SDS-PAGE minigels (Bio-Rad MiniProtean system), and were transferred to nitrocellulose using a semidry transfer apparatus (Bio-Rad). Rabbit polyclonal antibodies against FliM or FliN were prepared as described previously (43) and were used at 2,000-fold and 1,500 fold dilution, respectively. Bands were visualized using the Super Signal West Picoluminol system (Pierce) and X-ray film. FliM C homology model-A homology model for the C-terminal domain of FliM was constructed using its sequence similarity to FliN. With the FliN coordinates opened in Swiss-pdb viewer, segments of the FliM C showing similarity to FliN were imported and aligned with the corresponding segments of FliN. Side-chain torsion angles were adjusted to eliminate clash and the structure was subjected to one round of energy minimization. A FliM-FliN sequence alignment and further details are provided in Figure 2 .
RESULTS

FliM-binding surfaces on FliN.
FliN was shown to bind specifically to the C-terminal domain of FliM (FliM C ), in studies that used either GST-pulldown (44) or blot-overlay assays (46). Those studies pre-date the FliN crystal structure, and the regions on FliN that bind to FliM C were not mapped. To identify the regions on FliN that interact with FliM, we utilized the previously developed GST-FliM pull-down assay with a collection of FliN mutations sampling the protein surface (13) . The FliN mutations all involved non-conservative replacements (e.g., reversal of charge, replacement of hydrophobic residues by Asp). Positions were chosen by use of a homology model for the E. coli protein, based on the crystal structure determined for T. maritima FliN (30) . The sequences of E. coli and T. maritima FliN are 55% identical in the region of interest, and the homology model contained hydrophobic residues at all core positions ( Figure  2 ). Pull-down experiments used a "two-cell" protocol in which the interacting proteins were expressed in different cells. Cells expressing FliN (wild-type or mutant) were mixed with cells expressing GST-FliM, the cells were lysed, and glutathione-Sepharose beads were used to isolate GST-FliM and associated protein(s). Following elution with glutathione, samples were resolved by SDS-PAGE, and FliN was detected using immunoblots. Representative blots, and a summary of all the binding results mapped onto the FliN structure, are shown in Figure 3 .
As reported previously (44), FliN was readily co-isolated with GST-FliM in this assay, whereas the negative controls using GST alone were clear. Of fourteen FliN surface-residue mutations studied, eight prevented binding to FliM in the pull-down assay. The residues important for FliM binding fell in two distinct regions; positions 76, 80, 82, 86, and 121 are grouped on an outward-facing part of the FliN donut, whereas residues 56, 108 and 134 lie along the side of the donut, with positions 108 and 134 lying near the inner edge. The FliMFliN interaction was not affected by substitutions at residues 111, 112, 113, or 116, which are in and around the hydrophobic patch, or in residues 72 and 90, which are together on the side of the FliN donut roughly opposite the 56/108/134 face ( Figure 3, panel B) . In a previous study of FliN mutant phenotypes, mutations in these regions were found to alter the level of FliN expression needed for optimal function, and it was proposed that these regions might interact with FliM (13) . The present experiments demonstrate the FliM interaction more directly and show, in particular, that two regions are involved.
Cross-linking of FliN to FliM C . Next, to define the FliM C -FliN relationship more fully, we conducted targeted disulfide cross-linking experiments. Cysteine replacements were made at twelve positions sampling the surface of FliN and at sixteen positions sampling the surface of FliM C . The structure of FliM C is not known, but this domain exhibits sequence similarity with FliN (33) that allowed us to construct a homology model for use in choosing positions of the Cys replacements (Figure 2, center) . Amino acids forming the core of the FliM C homology model all exhibit conserved hydrophobic character (Figure 2, bottom) . For the crosslinking experiments, the FliN and FliM C Cysmutant proteins were expressed from two compatible plasmids in a ΔfliMN strain, in all pair-wise combinations including the single-Cys controls (13 x 19, or 247, strains in all). Initial experiments used the oxidation catalyst copperphenanthroline, which has been shown to be relatively permissive in the sense of allowing crosslinking at a somewhat extended range, presumably by generating relatively long-lived reaction intermediates (47). Cu-phenanthroline does not readily cross the membrane, and so these experiments used lysed cells. For the Cys pairs that showed cross-linking with copperphenanthroline, the experiments were repeated using iodine, which requires closer proximity of the Cys residues and provides tighter constraints (45). Iodine crosses the membrane, and so these experiments could be done using intact cells. Products of cross-linking were characterized on immunoblots using polyclonal antibodies against FliM and FliN. A band was assigned as the FliMFliN heterodimer if it was detected on both the FliM and FliN immunoblots, required Cys replacements in both of the proteins, was eliminated by treatment with 2-mercaptoethanol, and migrated with an apparent mass of about 50 Kd. Representative blots are shown in Figure 4 and, results are summarized on the FliN and FliM C structures in Figure 5 . The yield of FliM-FliN heterodimer appeared lower on FliN blots than FliM blots, even though the two antibodies showed similar sensitivity in detecting the native proteins. As a further test of the heterodimer band assignment, a His-tag was fused to the N-terminus of FliN, and the N86/M316 cross-linking experiment was repeated. On a FliM immunoblot, the M-N heterodimer showed the expected mobility shift when the His tag was attached to FliN, confirming the presence of FliN. The cause of the different apparent intensities in FliM vs FliN blots is uncertain but might have to do with the masking of some FliN epitopes in the crosslinked product.
To verify that the cross-linking occurred between FliM and FliN proteins in the flagellum rather than by collision of the diffusing proteins, the cross-linking experiments were repeated in a mutant strain that does not assemble flagella (RP3098; ΔflhDC). No FliM-FliN cross-linking was observed in the nonflagellate strain (Supplementary figure 1) .
In FliN, the positions that cross-linked to FliM fell in the same regions implicated in the binding experiments, and, in both FliN and FliM C , the cross-linking residues occurred in widely separated locations that cannot be accounted for in terms of a single FliM-FliN interface. Both the cross-linking and binding data are most easily accounted for in a model in which the FliM C domain is positioned between two adjacent FliN tetramers. (A model with two FliM C domains flanking a single FliN tetramer would be equivalent in the sense of having the same interfaces, and the actual C-ring structure will presumably contain many copies of both proteins.) A model for the FliN 4 -FliM C -FliN 4 assembly was constructed by positioning the cross-linking Cys pairs in proximity while orienting the protein surfaces to avoid steric clash. The resulting spacing between FliN tetramers, as determined from just the crosslinking results and the protein dimensions, was 4 nm, close to what has been measured in EM reconstructions. Owing to the shape of the subunit interfaces, the FliN tetramers are forced into a tilted orientation that also resembles the features seen in micrographs (Figure 6 ; cf. comparison with EM reconstruction in Figure 8) .
Phenotypic data in the framework of the model. Available mutational data were used to provide additional tests of the structural model of the (Figure 7, panel B) . In FliN, most single-Cys replacements had only minor effects, but fairly strong defects occurred at positions 126 and 134, both of which are predicted to lie at the interface with FliM C (Figure 7, panel B) . Thus, the Cysmutant phenotypes are in agreement with the model.
In an extensive study of spontaneous fliN mutations, Macnab and co-workers identified a small number of alleles that affected motility more strongly than flagellar synthesis. These mot mutants were later found to be partially rescuable by overexpression of the mutant proteins, and it was proposed that they affect regions important for the incorporation of FliN into the C-ring (48,49). Three of these mutations occur in residues that are buried at the interface between FliN dimers, where they are expected to interfere with assembly of the tetramer. The remaining mot alleles (four) are clustered on the FliN surface near the inner face of the donut, in a region that contacts FliM C in the model (Figure 7,  panel C) .
Finally, as a test of the predictive power of the model, additional mutations were made in residues predicted to lie in the center of the larger FliN-FliM C interface (position 87 in FliN and 292 in FliM). Each of these mutations eliminated motility in the swarming assay and FliM-FliN binding in the pulldown assay ( Figure 7 , panel D). Mutations giving such strong defects are very rare in FliM and FliN, and in fact have not previously been seen except in core residues that are likely to affect protein folding (33, 50) ; thus, the present results provide strong support for the importance of the interface predicted by the model.
Effects of Direction Switching. We previously suggested that CheY-P might bind to FliN (13) and that switching might involve changes in the part of the C-ring containing the FliN donuts (36). Changes in the conformation of FliN or its relationship to FliM might be expected to change the FliM C -FliN interface(s) and alter the pattern of cross-linking. To test this, we examined the effects of a repellent (leucine) stimulus on yields of FliM-FliN crosslinking. The experiments used both Cys pairs that had previously been found to cross-link and some additional pairs that were situated relatively close to the FliN-FliM C interface (and might come into cross-linking range as a result of conformational change). Key findings are shown in Figure 8 and are summarized as follows: Crosslink yield in the N-86/M-316 mutant was unaffected by leucine, indicating that this FliN/FliM C interface is not greatly affected by switching. In contrast, several positions on the other FliM C -FliN interface showed strong responses to repellent; cross-linking was eliminated in the N-134/M-310, N-72/M-260, and N-72/M-267 Cys pairs, while the N-134/M-265 Cys pair, which cross-linked very little in the absence of a stimulus, gave substantial crosslinking in the presence of leucine. To confirm that these effects were caused by motor switching rather than any other effects of leucine, the experiments were repeated using glycerol (an alternative repellent stimulus). The results were similar, and in some cases more pronounced than those seen with leucine ( Figure 8, panel A) . All of the observed changes in cross-linking are accounted for in a model in which one of the FliM C -FliN interfaces remains unchanged while the other undergoes a substantial (of order 5-Å) displacement (Figure 8, panel B) .
DISCUSSION
Although the bacterial chemotaxis system is among the most intensively studied signaling systems in biology, the mechanism of the motor-switching event that culminates chemotactic signaling has remained poorly understood. The development of molecular hypotheses for switching has been hampered by a shortage of detailed structural information on the switch-complex as well as insufficient information on the molecular movements occurring upon motor reversal. The present results cast significant new light on the switching process, by clarifying aspects of subunit organization in the lower portion of the switch complex, a part that includes binding sites for the signaling molecule CheY-P, and by providing the first glimpse of subunit movements that occur within the complex upon switching.
The present cross-linking, binding, and functional data, as well as results of previous mutational studies, are well accounted for in a structural model in which the lower portion of the C-ring is formed from an alternating array of FliN tetramers and FliM C-terminal domains (illustrated in Figure 6 ). This model accounts naturally for the observation that FliM and FliN function cooperatively in forming the C-ring (i.e., the structure fails to form in the absence of either protein)(42), as well as for the resiliency of the proteins toward mutation. Because FliM and FliN each form two distinct interfaces with each other, most single-site mutations have only relatively minor effects on flagellar assembly and function (13, 33) , and the only surface-residue mutations in FliN or FliM known to prevent motility completely are the FliM-292 and FliN-87 replacements made in this study as tests of the model. Evidently, the FliM-FliN interfaces can tolerate some disruption (enough to eliminate binding in the pull-down assay) without preventing assembly of the C-ring structure as a whole. Finally, the present structural model provides a close match to the major features seen in EM reconstructions of the basal body, most notably the spacing and tilt of the FliN tetramers (Figure 8, panel C) .
Previous mutational studies highlighted the importance of a conserved hydrophobic patch on FliN in both flagellar assembly and direction switching. The hydrophobic patch is centered on the symmetry axis of the FliN dimer, and so the FliN tetramer has two, displayed on opposite faces of the donut. The hydrophobic patch was shown to bind to the flagellar export protein FliH, which presumably accounts for its importance in assembly (11, 13) . Several CCWbiased mutations in and around the patch pointed to a role in switching. These mutations could be suppressed in most cases by over-expression of CheY, and we proposed that the patch might be the site of action of CheY-P (13) . [This proposal has been corroborated in further study of the FliN-CheY interaction; Sarkar, Paul, and Blair, manuscript in preparation.] In the present structural model for the lower part of the C-ring, the hydrophobic patches on the FliN tetramer do not interact with the adjacent FliM C domains but remain exposed to the solvent, as required for interaction with FliH and CheY-P.
Changes in cross-link yield in the presence of repellents (Figure 8) show that switching is associated with a movement of FliM C relative to FliN. Although the present constraints are not sufficient to define the movement precisely, it clearly involves a substantial displacement of FliM C along one of its interfaces with FliN, with less movement at the other interface. In the context of the C-ring, such a movement would be associated with rotation of the FliM C domains relative to the ring as a whole (Supplementary figure 3) . We note, further, that this movement will alter the accessibility of the hydrophobic patch, and thus its ability to interact with CheY-P. The model thus provides a straightforward mechanism for linking CheY-P binding to the conformational change. Previously, we noted that the FliN donut is puckered and suggested that switching might be associated with a reversal in this puckering (36). While such puckering motions might occur in concert with the displacement observed here, there are presently no results bearing on it directly, and so it is not included as a feature of the present model.
Direction reversal must presumably involve changes at the rotor-stator interface, formed between the charge-bearing ridge on FliG C and the cytoplasmic domain of MotA (7). Movements taking place in the lower part of the C-ring must therefore be transmitted "up" through Experiments are underway to define the movement more fully. We note that the motions occurring in FliM M and FliM C might be different, as these are distinct domains joined by a linker that is relatively nonconserved, variable in length, and possibly flexible.
Molecular hypotheses for flagellar direction reversal have been difficult to formulate, largely owing to the lack of information on subunit organization and movements occurring in the switch. The present results provide a fuller structural framework for the development of switching models, reveal movements occurring in the lower part of the switch, and demonstrate the feasibility of applying cross-linking and related approaches to define the switching event in molecular detail.
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